Live-bearing fish start hunting for mobile prey within hours after birth, an example of extreme precociality. Because prenatal, in utero, development of this behaviour is constrained by the lack of free-swimming sensory-motor interactions, immediate success after birth depends on innate, evolutionarily acquired patterns. Optimal performance however requires flexible adjustment to an unpredictable environment. To distinguish innate from postnatally developing patterns we analysed over 2000 prey capture events for 28 metallic livebearers (Girardinus metallicus; Poeciliidae), during their first 3 days after birth. We show that the use of synchronous pectoral fin beats for final acceleration and ingestion is fixed and presumably innate. It allows for direct, symmetrical control of swimming speed and direction, while avoiding head yaw. Eye movements and body curvatures, however, change considerably in the first few days, showing that eye-tail coordination requires postnatal development. The results show how successful prey captures for newborn, live-bearing fish are based on a combination of fixed motor programmes and rapid, postnatal development.
Introduction
In mammals and birds, the altricial-precocial spectrum is used to indicate the functional independence of offspring at birth [1] . Altricial young (e.g. primates and passerines) completely depend on their parents for feeding and protection. By contrast, precocial young (e.g. ungulates and galliform birds) have welldeveloped locomotor skills at birth, allowing them to forage independently. Super-precocial animals occupy the most extreme end of this spectrum, with neonates that are capable of highly complex behaviours (e.g. blue wildebeest, Connochaetes taurinus and megapode birds [1] [2] [3] ).
An altricial-precocial spectrum also exists in fish [4] . Oviparous (egglaying) fishes are altricial, lacking well-developed visual and locomotor systems at hatching. Hatched larvae rely on endogenous nutrient reserves in their yolk sac for several days or weeks, depending on the species. By contrast, viviparous (live-bearing) fishes are precocial, producing large, well-developed young that lack a yolk sac at birth and instead rely on active exogenous feeding after birth [5, 6] . Live-bearing toothcarps of the family Poeciliidae are an example of extreme precociality, having large, well-developed neonates that catch pelagic, free-swimming prey within hours after birth.
Catching mobile prey is a particularly complex, visually guided motor task that requires adequate, calibrated interactions of visual and locomotor skills [7] [8] [9] [10] [11] [12] [13] [14] . To optimize chances for survival these skills must either be present at birth, or quickly develop after birth. Although the ontogenetic development of sensory-motor skills has been studied extensively in the egg-laying zebrafish [15 -17] , it remains unclear how live-bearing fish develop these skills. They have an extended period of initial in utero development and are born in an advanced juvenile stage. This development, however, takes place in the absence of normal visual input and motor output and therefore lacks appropriate feedback required for visuo-motor learning [12, 18, 19] . Nevertheless, neonates catch prey almost immediately after birth, suggesting that part of their hunting skills must be innate.
Here, we examine how neonates of the super-precocial livebearing fish Girardinus metallicus (Poeciliidae) manage to catch prey and to what extent prey-capturing skills are present at birth, or develop postnatally. We analysed more than 2000 high-speed videos of prey-capturing events during the first 3 days after birth. By analysing and comparing body movements, pectoral fin movements and eye movements, we identify components of their hunting behaviour that remain unaltered, and hence are presumably innate, and components that require postnatal development.
Material and methods (a) Experimental protocol
We isolated individual fish in Petri dishes (33.1 mm diameter) early in the morning after the night they were born. To record prey capture events on film, the Petri dish with the fish was transferred to an experimental set-up and fish were individually fed recently hatched Artemia nauplii, one at a time. Artemia swam irregularly, at speeds of about 4-10 mm s 21 on average. All prey capture events were recorded on video (see the electronic supplementary material, movies S1 and S2). Recordings continued until the fish were satiated. To prevent acute stress due to large changes in luminance level, newborn fish were allowed to slowly adjust to the light regime in the experimental set-up before the first recording in a session. Hereto, lighting was gradually increased from 0 to 100% (7000 lux) in 10 min. The procedure was conducted twice daily for each fish on day 1, 2 and 3 after birth. The fish did not receive any additional food during these 3 days. Outside the experimental set-up they were held at the normal 12 L : 12 D cycle, in a stove at 248C.
(b) Recordings
Prey capture events were filmed with a Mikrotron EoSens MC1362 high-speed camera at 500 frames s
21
, at a spatial resolution of 31 pix mm 21 and 1 ms shutter time. The fish were filmed from the dorsal side against an array of LEDs behind a white, translucent plate. In addition, we used a circular array of LEDs behind a through-projection screen for equal lateral illumination from all sides. Lighting from below and from the sides was optimized to obtain maximal contrast between body and background, between the eyes and the rest of the body, and prey relative to the background. The Petri dish containing the fish was raised about 2 cm above the bottom plate to minimize temperature fluctuations. Filming from the ventral side was avoided because it led to optical effects of the fish eyes that prevented proper determination of eye orientation.
To record prey capture events, we used a circular frame buffer of 4 s duration. After starting a session, a single prey was introduced in the centre of the Petri dish. The recording was stopped after the prey was successfully captured. When perfectly timed this would give a thousand frames before and after the catch. In practice, however, the timing was quite variable causing losses before and after prey encounter. In addition, only scenes in which the fish was not located close to the side of the dish were useful for analysis. For each sequence, a suitable range of frames around prey ingestion was selected, and the moment of ingestion, quantified as the last frame in which the prey was still visible outside the fish, was marked as a reference point in time (t ¼ 0).
(c) Data analysis
We used custom software developed in MATLABw (R2013b, The MathWorks TM Inc., Natick, MA, USA), including the image analysis toolbox, to automatically extract all relevant parameters from the movies. These parameters include kinematic data such as swimming velocity, body curvatures and pectoral fin movements, as well as parameters specifically related to the visually guided behaviour. The latter include eye orientations, prey location, and viewing and swimming directions relative to the prey. Electronic supplementary material, figure S1 , provides an illustration and definition of the list of parameters. In addition, they are illustrated and explained in figure 2 , where we discuss an example of a capture event.
(i) Eye orientations
Although larval fish may be very sensitive to water flow [20] and prey might be detected by the lateral line system, in the capture events that we studied, prey detection and approach was largely visually driven. When presenting the Artemia in a transparent, invisible, polyethylene tube (refractive index equal to that of water), the fish still showed qualitatively the same prey attack behaviour. Electronic supplementary material, figure S2 , explains how eye orientations were obtained from the images. The eyes were found using an adaptive threshold, and selecting the two objects furthest away from the centroid of the silhouette of the fish. A 'cyclopean' eye was defined as the midpoint in between the centroids of the eyes. It served as a general reference point for further calculations, and for defining movements of the fish. Eye orientations were calculated as the orientations of the 'straight' corneal contrast border between the eyes and the surroundings. In this way, eye orientation was insensitive to variations in grey levels or contrast differences between eyes and body due to differences in body pigmentation. Eye orientations were quantified by a vergence angle and a version angle [21] . Vergence describes the angle between the two eyes (see the electronic supplementary material, figure S1 ; figure 2h). Zero vergence indicates parallel eyes, facing laterally and an increase in vergence angle corresponds to an inward rotation of the eyes, as required to view objects nearby. The version angle was defined as the mean orientation of the two eyes relative to the midline of the head (figure 2i). It describes the viewing direction in head-centred coordinates. The fixation error was defined as the mismatch between the version angle (i.e. viewing direction) and the direction of the centroid of the Artemia relative to the cyclopean eye, given in degrees. Zero fixation error corresponds to symmetrical viewing of the prey with left and right eye.
(ii) Body curvature and head orientation
To extract swimming movements of body and tail, we used a set of filters to extract the silhouette of the fish, excluding the fins. The midline of the silhouette was calculated based on the maxima in the 'distance transform'. The central axis was parametrized at fixed distance steps relative to the cyclopean eye, which was the first point on the central axis (see the electronic supplementary material, figure S1 ). The orientation of the head was calculated as a straight line fitted to the anterior 1/8th of the total axis. Curvature of the body axis was obtained by differentiation of a polynomial fitted to the axis orientation and is given in degrees per millimetre. To discard differences in axis length (owing to differences in visibility of the tail fin), we adjusted all axes to the minimal length in a movie. To study curvatures as a function of time (e.g. figures 2c and 3b), we averaged the absolute values of curvatures along the axis.
(iii) Prey location
To identify the Artemia and distinguish it from possible dirt particles, we determined its location by first finding an appropriate object closest to the tip of the snout, just before a strike. This object was then tracked back to the beginning of the movie. The distance to the Artemia was defined relative to the cyclopean eye.
To quantify the accuracy of approaching the prey, we calculated the aim error (figure 2d and electronic supplementary material, figure S4 ) as the minimal distance between the Artemia and the midline of the head of the fish (see the electronic supplementary material, figure S1 ). It is more stable at short distances than an angular mismatch.
(iv) Pectoral fins
Pectoral fins were detected using a standard edge detection filter restricted to a maximum distance from the centre of gravity of the silhouette. By subtracting anything coinciding with the silhouette of the fish, we isolated objects corresponding to the fins (see the electronic supplementary material, figure S1 ). The projected surface area for the left and right pectoral fin (figure 2g) was determined as an indication for the rotation of the fin relative to a horizontal plane. Abduction angles were calculated from the front-most point on a distal part of the fin relative to the insertion point of the fin (the part of the fin border that moved the least, in a head-centric coordinate system). To distinguish synchronous fin movements from alternating fin movements, we defined the angle between the two fins as the sum of their abduction angles (figure 2f ). It changes rapidly for synchronous movements but remains relatively constant for alternating fin movements. Modulation amplitudes and frequencies for abduction angle and for projected fin area were calculated using a discrete Fourier transform (FFT) for signals of 300 ms duration, starting 360 ms before the final strike (t ¼ 0). To increase the frequency resolution, the data were padded with zeros to a length of 1024 samples.
After determining parameters in separate frames, we removed 1808 jumps in the data, and performed mild smoothing as a function of frame number. In this procedure, we replaced outliers by the mean value of the neighbouring points. Outliers were determined as points deviating more than five times the standard deviation of the distance between successive points from the mean of its neighbours. Smoothing was established by a 5-point, weighted moving average. Owing to the high frame rate, this filter got rid of high frequency noise in the data while minimally affecting frequency components of interest. For each parameter, we kept track of missing data points in the time sequence, to properly average the data. Missing data points could be owing to timing errors in starting and stopping the high-speed movies (resulting in either the beginning or end part missing) or due to e.g. dirt particles in the water interfering with part of the analysis.
(d) Data selections
We only included capturing events that were successful on the first attempt. This excludes failed attempts, and also removes any movies including failed attempts before a final successful attempt. By excluding failed attempts, we focus on inherent changes in prey capture behaviour, irrespective of the immediate cause of failures. Instead of analysing the variety of possible errors in prey capture, we focus on consistent changes in behaviour. Finally, we removed a small number of movies that yielded obviously erroneous data, mostly due to poor contrast between eyes and the rest of the body, preventing accurate localization of the eyes.
(e) Statistical analyses
Changes in fish length, fin abduction amplitude and frequency and projected fin area amplitude and frequency during the first 3 days after birth were tested by means of general linear mixed modelling (GLMMs) using the MIXED procedure in SAS v. 9.3 (SAS Institute Inc., Cary, NC, USA, 2010). The data from individual fish that were measured on the different days were expected to be correlated. To adequately account for this effect, models were fitted using the repeated statement with fish individual treated as the subject effect and with mother included as a random effect [22] . Changes in the probability of successful prey capture and total number of consumed prey, during the first 3 days were assessed by fitting GLMMs to the data using the GLIMMIX procedure in SAS v. 9.3. The probability of prey capture (a dichotomous response variable) was modelled assuming a binomial response distribution and a logit link function and the total number of consumed prey (a discrete response variable based on count data) was modelled assuming a Poisson frequency distribution and log link function. Models were fitted by including day as a repeated effect (using the residual-keyword in the random statement), individual as the subject effect and mother as a random effect [22] . To evaluate differences between days, pairwise post hoc comparisons of means were performed using a Bonferroni adjusted comparison-wise error rate of P(a/3) , 0.0167.
For comparing response parameters across days at a specific time before the strike, we employed a Skillings-Mack test, a generalized Friedman test, using MATLAB w R2013b (MathWork TM Inc., Natick, MA, USA) [23] . The test is used to compare data with fish individual as subject effect and day as repeated effect. Hereto, we calculated the means for all recorded prey capture events as a function of time relative to the moment of the strike (t ¼ 0), for each fish and for each day (see, e.g. figures 3, 4a and 5). Tests were performed for data averaged over a time period of 10 ms.
Results
The number of prey consumed per day increased significantly during the first 3 days (GLMM: figure 1b) , indicating an improvement in preycapturing success. Pairwise comparisons show significant improvement from day 1 to day 2 ( p ¼ 0.0216), and from day 2 to day 3 ( p ¼ 0.0244).
Length growth during the first 3 days after birth was significant (GLMM: F 2,67 ¼ 61.97, p , 0.0001), but very limited; based on reconstructed body axes from recorded videos, body length increased on average 3.54% from day 1 to 2 and 2.57% from day 2 to 3 (electronic supplementary material, figure S3) . Figure 2 presents an example of a successful prey capture event, showing in detail how pectoral fins work in concert with tail and eye movements. Figure 2a shows stills from a movie sequence at 40 ms time intervals. The prey is marked by the arrow and is ingested in the fifth image from the right, at time t ¼ 0. Once the prey is detected, the fish converges its eyes, executes several tail strokes to align itself and to approach the prey. Figure 2b -i show the parameters extracted from the images as a function of time. Each parameter is illustrated by the cartoon on the left, and is further explained in the electronic supplementary material, figure S1. Swimming velocity rises steeply during the initial turn (label '1' in figure 1b). It starts with an initial peak in lateral speed and is followed by a forward acceleration. During the final approach, lateral speed is minimal and forward speed slowly decreases towards the moment of the strike. Just before prey intake at t ¼ 0, the fish briefly accelerates (label '2' in figure 1b), followed by a brake to standstill. Notably, the speed changes during and after the strike are not driven by tail movements, as illustrated by the low mean body curvature (figure 1c). The acceleration and deceleration around t ¼ 0 result from a striking change in use of the pectoral fins, without affecting the aim error (figure 1d). During the approach, the fish makes alternating pectoral fin strokes as illustrated by counter-phase modulated fin abductions (figure 1e). Just before prey intake the pattern changes abruptly to a simultaneous, full adduction followed by a large-amplitude, synchronous abduction. This change in fin coordination is illustrated by the angle between the fins (figure 1f ). It gradually increases from about 508 to 908 during approach and shows a large, fast transient at the time of ingestion, which is due to large synchronous changes in abduction angle. Rhythmic modulation of fin abductions are accompanied by similar modulations of projected fin areas, but during the synchronous fin movements, the projected fin areas are small, indicating that the fins are held in a nearly vertical plane (figure 1g). Hence, these synchronous movements may cause a large forward thrust just before prey intake, followed by a strong backwards thrust. Visual guidance of the approach is apparent from the pattern of eye movements. Upon engaging in pursuit, the fish converges its eyes, increasing its binocular visual field (figure 1h). During the approach, vergence angles gradually increase until the final strike, and then quickly drop. Version angles (figure 1i) during the approach were small and did not covary with the head orientation relative to the prey. This corresponds to an approach strategy in which the fish reduces its aim error (figure 1d) while keeping its eyes on average in a straight-ahead orientation.
To determine which components of the prey capture technique are fixed and which components show substantial changes, we compare patterns on day 1, 2 and 3 after birth. Hereto, we analysed 146 captures on day 1, 851 for day 2 and 875 for day 3 and averaged the data for each individual fish. One of the striking changes was a large increase in the initial approach speed. This is illustrated in figure 3 , which shows the mean value across individuals for the 3 days, and the corresponding standard errors as confidence intervals. Data for individual fish are shown in the electronic supplementary material, figure S4 and support consistency of the results, especially for day 2 and day 3. For 1-day-old fish, the forward speed was on average rather low (about 7-9 mm s 21 ). For days 2 and 3, speeds were much higher during the initial approach, reaching on average about 17 mm s 21 at day 2 and about 24 mm s 21 at day 3. For day 2 and 3, average forward speeds gradually decline during the last 250 ms before the strike. The speed differences between days were highly significant. At 300 ms before the strike, for example, both groupwise and pairwise comparisons yielded p-values smaller than 0.001 (Skillings -Mack test; see the electronic supplementary material, figure S4 , for histograms of distributions). Similar levels of significance were obtained for the difference in speed between t ¼ 2300 to t ¼ 250 ms. Older fish thus use higher approach speeds and show stronger decelerations. A similar, though less pronounced, pattern is seen in the lateral rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160972 speeds (electronic supplementary material, figure S5a). Lateral speeds are related to steering movements and reduction of aim errors (electronic supplementary material, figure S5b). Both are highest for 3-day-old fish, but converge to similar values for all days at about 150-100 ms before the strike. The differences between days at 2300 ms were also highly significant (Skillings-Mack, p , 0.0001).
Speed transients around the moment of the strike were, however, very similar (figure 3a). Independent of age, averaged forward speeds sharply increased just before the strike, and declined immediately after the strike. The sharpness of the averaged curves and small deviations relative to the means show that this pattern is highly reproducible and precisely timed for each fish, as well as between fish. Lateral speeds just before the strike, related to final directional adjustments, were very similar for different days (electronic supplementary material, figure S5a).
The differences between days in swimming speed during the approach were accompanied by clearly different patterns in mean body curvatures (figure 3b). Most strikingly, older fish, especially the 3-day-old fish used higher curvatures early on, but sharply reduced curvatures towards the strike. One-day-old fish used lower curvatures in the initial phase, but maintained relatively higher curvatures towards the moment of the strike. Mean curvatures at e.g. 2300 ms were significantly different between days ( p ¼ 0.0018, Skillings -Mack test), as were the difference in slopes of the curvature curves ( p , 0.0001, Skillings -Mack test for differences between t ¼ 2300 and t ¼ 250 ms). Differences in curvatures and swimming speeds were associated with larger initial aim errors (electronic supplementary material, figure S5b) and a larger range of approach angles and distances (electronic supplementary material, figure S6 ). The final accelerations and directional corrections during the strike were not accompanied by substantial changes in mean body curvature. Similar to the example in figure 2, mean curvatures were low just before the moment of the strike. The more pronounced reduction of body curvature for older fish was notably accompanied by a faster reduction of aim error (electronic supplementary material, figure S5b).
Although mean body curvature changed considerably with age, pectoral fin movements, illustrated by the angle between the fins (figure 4a), modulation of abduction angle (figure 4b) and of projected fin area (figure 4c) were highly consistent. Especially, the change from alternating fin strokes during approach to synchronized strokes during and immediately after the strike was nearly identical for all days. Synchronous fin movements started with an initial adduction, leading to a sharp reduction in angle between the fins, followed by large fin abductions, to an angle well over 2008. Similar to the transients in speed, these synchronous pectoral fin movements were very precisely timed to the moment of the strike.
The angle between the fins (figure 4a) reveals the characteristic change from alternating to synchronous fin strokes, but does not adequately capture the alternating fin ad-and abductions during the approach. To quantify the modulations we performed a discrete Fourier analysis on left fin abduction and surface area for a time period from 2360 to 260 ms. Figure 4b ,c shows the amplitudes and frequencies of modulations for individual prey captures. The marginal histograms show that neither abduction amplitudes (GLMM: F 2,1748 ¼ 1.14, p ¼ 0.3190) nor frequencies (GLMM:
Hz. Despite similarity of amplitudes and frequencies of abduction modulations, the angle between the fins during approach is larger for younger fish, indicating that they keep their fins on average at a larger abduction angle. For projected fin surface area (in a horizontal plane), we see a clear amplitude increase with age ( figure 4c, upper histogram) . The difference in amplitude of projected fin area modulation was highly significant (GLMM: F 2,1748 ¼ 26.26, p , 0.0001) . Thus, 1-day-old fish modulated fin orientation (i.e. pro-and supination) only little, whereas older fish increased the modulation of fin orientation, enabling more efficient control over thrust and steering.
For all days, averaged vergence angles show a consistent, gradual increase until about 50 -100 ms before the final strike (figure 5a), as required for binocular vision when distances become smaller. Vergence angles show a consistent, but counterintuitive change with age. Rather than increasing binocular overlap by increasing vergence angles the fish actually use smaller vergence angles when growing older. It should be noted that the increase in vergence while approaching prey was quite modest (maximum vergence angles about 468) and was insufficient to stabilize the prey's image on the retina. This is illustrated in the electronic supplementary material, figure S7, which shows averaged vergence angles for all captures per day as a function of viewing distance. Especially below viewing distances of about 5-6 mm the increase of vergence while approaching was insufficient for stable fixation. Electronic supplementary material, figure S7 also shows that differences in vergence angles between days, as shown in figure 5a were larger than one should expect based on differences in viewing distance at equivalent points in time. Especially at short viewing distances, below about 5 mm, averaged vergence angles decreased with age. These differences in vergence eye movements were not accompanied by substantial differences in either version eye movements (figure 5b) or related fixation errors (electronic supplementary material, figure S5c). Version eye movements were on average quite small. Especially 3-day-old fish keep their eyes on average at a fairly constant version angle of about 28. For all days, the fixation errors steeply declined towards a minimum of about 3.58 at 150 ms before the strike, and thereafter remained rather constant.
Discussion
Like many fishes, metallic livebearers ingest their prey by means of suction, generating a strong water flow into the mouth from which prey cannot escape. Owing to the steep decline of water speeds with distance from the mouth, suction feeding is only successful if the mouth approaches the prey within very short distance [24, 25] . Similar to other predatory fishes, successful captures therefore require perfectly timed suction in combination with adequate swimming control in the approach phase [26, 27] . Our results show how neonates of live-bearing fish are capable of capturing prey that move irregularly at substantial speeds within hours after birth, indicating that visuo-motor control is at least partly present at birth. The fish do, however, show a marked improvement in prey capture success in the first couple of days ( figure 1) , showing that part of the behaviour rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160972 also requires post-natal development. By analysing the complex coordination of eye movements, body curvatures, and pectoral fin use, we showed which parts of the behaviour are invariant with age and which aspects show changes that may correlate with improved performance.
The general strategy, involving vergence eye movements, coordinated use of both tail and pectoral fins during the approach, and the switch from alternating pectoral fin strokes during the approach to synchronous fin movements during and immediately after prey intake, was highly consistent across days. Although one cannot exclude a contribution from fast learning, the basics for this pattern seem well established at birth and are presumably to a large extent innate. This is different from e.g. zebrafish, where muscular and neuronal development of the pectoral fins is prominent in larval and in the post-larval stages [28, 29] . Larval zebrafish primarily use axial musculature [30] and typical J-bends in approaching prey [8, 31] . While growing up, zebrafish larvae undergo drastic changes in swimming kinematics, associated with substantial changes in the Reynolds number [32] [33] [34] . Live-bearing fish skip the free-living larval stage and are born in an advanced juvenile stage, in which they are able to capture prey within hours. A well-developed component of prey-capturing skills that is operational immediately after birth and that is specifically adapted to the appropriate Reynolds number regime prepares the juveniles for immediate success, and supports survival through the first critical days.
In live-bearing fish, especially synchronized pectoral fin movements for prey intake and braking are well developed on the day of birth (figure 4). Use of the pectoral fins rather than tail beats allows for immediate and symmetrical steering and acceleration control owing to their bilateral position close to the centre of mass. This precludes unwanted yaw movements associated with tail fin propulsion [32, 33] and supports 'immediate' final steering adjustments for capturing mobile prey. Moreover, the full adduction prepares the fish for the post-strike brake using a large-amplitude, symmetrical abduction (figure 4a), similar to the braking manoeuvres previously observed after prey capture [31, 35] . Increasing the vergence angle of the eyes upon approaching prey is also fully present at birth, emphasizing the importance of creating a binocular visual field for prey capture. Vergence movements that we observed were generally insufficient to stabilize prey images on the retinae (electronic supplementary material, figure S7 ). Visual localization and distance estimates therefore require localizing prey images that move across the retina, and combining this visual information with information on eye orientations. Surprisingly, the fish reduce their vergence angles when growing older, both at similar points in time (figure 4) and at similar distances from the prey (electronic supplementary material, figure S7 ), implying that older fish use more peripheral parts of their visual field as they approach prey. Version eye movements were generally small, especially for older fish (figure 3b), despite the largest aim errors (electronic supplementary material, figure S5b). Older fish therefore use larger variations in retinal eccentricity than newborn fish.
Although pectoral fin use for the final attack seems innate, newborn fish are limited in the use of axial musculature for agile turning and approaching prey. Older fish use higher initial curvatures, generating larger accelerations and larger angular turns, but reduce curvatures rapidly towards the strike (figure 3). At the same time, they improve pectoral fin control for aiming, by increasing axial fin rotations (figure 4c). Improvements of tail fin control coincide with reductions in both vergence and version eye movements (figure 3), both relevant for visual coordination. This suggests postnatal development of visually guided behaviour, presumably by means of learning and calibration of visuomotor interactions. Other factors may, however, also have played a role. Although we fed fish in each session until satiation, we cannot rule out differences in motivation between days. How this would specifically affect our results remains unclear. Some effects may also partly relate to general growth or development. Growth per day was, however, limited to a few per cent (figure 1), whereas speeds changed by at least a factor of two ( figure 3a) . Moreover, the fish are actually capable of agile, fast starts and high-speed swimming, as illustrated by vigorous escape responses to startle stimuli immediately after birth (M. J. Lankheet 2015, unpublished data). In zebrafish, visually guided behaviour, such as the oculomotor response, visually induced escape responses and visually guided prey capture, develops in the larval stage, within days after hatching [7, 12, 14, 16, 17, 36] . Live-bearing fish therefore have ample time for experienceindependent development while in the uterus, but specifically lack normal perceptual-motor interactions that are supposedly required for complex tasks. Observed changes in prey capture behaviour are therefore likely to result at least partly from postnatal learning and calibration (e.g. matching visual information to motor output). Similar learning and calibration processes have been studied in zebrafish and involve predictive internal representations of visual feedback [12, 18] .
Because successful prey capture requires a successful approach as well as successful prey intake, our data also imply that suction feeding is operational quickly after birth. Our movies were aimed at quantifying swimming behaviour and therefore do not allow us to study details of the suction feeding mechanism, but in most cases we were able to quantify the timing of upper jaw protrusion, which is an essential part of suction feeding in metallic livebearers. These results show that protrusion is highly similar on days 1, 2 and 3. There is, however, a clear change in the timing of protrusion (see the electronic supplementary material, figure S8 ). These changes were significant from days 2 to 3, but non-significant from days 1 to 2. Important changes in swimming behaviour during the approach phase therefore seem to precede, at least partly, improvements in the timing of protrusion.
In live-bearing G. metallicus, we showed that visually guided prey capture is partly functional within hours after birth, and partly develops after birth. Tail coordination, involving predictions of forward accelerations and corresponding yaw movements for complex motor patterns was poorly developed at birth and is presumably too complex to acquire without proper sensory-motor feedback. Girardinus metallicus combines the development of such complex behaviour with innate control over pectoral fins to support immediate foraging success at birth. rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160972
